The lattice dynamics and electronic transitions of 0.93Pb(Zn 1/3 Nb 2/3 )O 3 -0.07PbTiO 3 (PZN-7%PT) single crystal have been investigated by means of temperature dependence polarized Raman scattering and ellipsometric spectra. The rhombohedral-tetragonal and tetragonal-cubic transformations as well as intermediate temperature are extracted based on the locations, intensity, and linewidths of Raman modes in different geometries. Moreover, the redshift behavior of the electronic transition at about 3.7 eV as a function of temperature follows the Bose-Einstein law. Interestingly, the dramatically different optical responses of PZN-7%PT below 3.7 eV during the phase transitions can be observed experimentally and explained by the first-principles calculations, which reveal the potential application of no-contact optical methods in judging the phase transformations and symmetries of ferroelectric crystals.
I. INTRODUCTION
Recently, perovskite-type solid solutions (1-x)Pb(Zn 1/3 Nb 2/3 )O 3 -xPbTiO 3 (PZN-xPT) have been extensively studied because of their excellent piezoelectric coefficient (d 33 ∼ 2500 pC/N), strain levels reaching 1.7% induced by the field applied along [001] , and a high electromechanical coupling coefficient (k 33 > 0.9) near morphotropic phase boundary (MPB) region, which are essential for various technological applications such as ultrasonic transducers, solid actuators, and sonar [1] [2] [3] [4] [5] [6] . The MPB is a phase boundary that separates the rhombohedral and tetragonal regions in phase diagram. Specifically, it corresponds to x ∼ 8%-10% for PZN-xPT [2] . Accurately, the crystal structure of PZN-xPT is polar rhombohedral phase at room temperature for x below 8% and polar tetragonal symmetry for x above 10%. Unfortunately, the structure of PZN-xPT near the MPB region is still a matter of controversy. For example, Noheda et al. found that there is a monoclinic phase between rhombohedral and tetragonal symmetries, while La-Orauttapong et al. discovered an orthorhombic phase in the ferroelectric PZN-9%PT system [7, 8] . In addition, PZN-xPT crystals exhibit relatively large electro-optic and photoelastic coefficients (γ 33 ∼ 450 pm/V for PZN-8%PT and γ 33 ∼ 177 pm/V for PZN-10%PT single crystals poled along [001] ), which are expected to be promising materials for a variety of linear and nonlinear optical devices [9, 10] . However, the investigations on optical properties of PZN-xPT are not systematic in both experimental and theoretical aspects, which should be further perfected.
Over the past decade, a number of studies have been attempted to investigate relaxor ferroelectric PZN-xPT (phase transformations, ordered nanoregions, polar order, etc.) by * zghu@ee.ecnu.edu.cn micro-Raman spectroscopy since direct capacitance measurements of the ferroelectric order are often complicated and hindered by parasitic charges forming at interface and electrodes [11] [12] [13] [14] . At high temperature, PZNxPT has an average P m3m (Z prim = 1) structure, in which 1:1 composition clusters of F m3m (O 5 h , Z prim = 2) symmetry are present [13] . The optical phonon modes in the prototype cubic phase with NaCl-type chemical Bsite (F m3m) are A 1g (R) + E g (R) + 2F 2g (R) + 4F 1u (IR) + F 1g (S) + F 2u (S), where R, IR, and S stand for Ramanactive, infrared-active, and silent modes, respectively. The optical phonon modes in the corresponding B-site chemically ordered tetragonal I 4mm (C 9 4v , Z prim = 2) and rhombohedral R3m (C 5 3v , Z prim = 2) phases are 6A 1 (R, IR) + 2B 1 (R) + 2B 2 (R) + 8E(R, IR) + A 2 (S) and 7A 1 (R, IR) + 9E(R, IR) + 2A 2 (S), respectively [15] . It was reported that the variations of 51 cm −1 (F 2g ) and 777 cm −1 (A 1g ) modes in the z(xx)z and z(xy)z scattering geometries for PZN-8.5%PT crystal exhibit a rhombohedral-tetragonal transformation at about 350 K followed by a tetragonal-cubic one at about 450 K [12] . Moreover, Waeselmann et al. found that the doublet near 50 cm −1 observed in the high-temperaturez(xy)z Raman spectra of PZN-xPT (x = 0-0.1) can be attributed to two distinct cubic states of Pb ions: Pb1 ions surrounded mainly by Nb 5+ and Pb2 ions surrounded by both Zn 2+ and Nb 5+ ones [11] . Recently, PZN-xPT single crystals have been found to exhibit outstanding optical properties [9, 10] . The direct (E gd = 3.144 eV) and indirect (E gid = 2.915 eV) energy gap of the PZN-7%PT crystal were determined based on optical transmission spectra [16] . Moreover, the refractive index in the transparent wavelength range for PZN-xPT single crystals with x = 5%, 8%, and 10% were obtained by least square fitting using the Cauchy dispersion. However, the electronic band structures and higher electronic transitions of PZN-xPT in a wider photon energy region have not been reported up to now. The mechanisms of electronic transitions in different phases have not been clarified, even though its phase diagram has been sketched. The objective of this study was to elucidate temperature dependent lattice dynamics, optical constants, and electronic transitions of PZN-7%PT single crystal close to the MPB region based on the combination of micro-Raman spectroscopy, spectroscopic ellipsometry, and first-principles calculations. First, the variation trends of Raman modes and electronic transitions indicate that the rhombohedral-tetragonal and tetragonal-cubic transformations appear at around 360 and 440 K, respectively. Moreover, optical constants and electronic transition energies were obtained based on spectroscopic ellipsometry. Finally, dielectric constants and physical mechanisms of electronic transitions were extracted with the aid of first-principles calculations.
II. EXPERIMENTAL DETAILS AND APPROACH

A. Crystal growth
Relaxor ferroelectric PZN-7%PT single crystals have been grown by a modified Bridgman method using 50 mol % PbO as a flux. A certain ratio of PbO, ZnO, Nb 2 O 5 , and TiO 2 with 99.99% purity was used as raw materials. The mixture was sintered at 850
• C for 8 h in a platinum crucible. The furnace temperature was controlled at about 1200
• C using a proportional integral differential controller. The raw materials were soaked in the high temperature zone for 6 h. Then the platinum crucible begins to drop down from high temperature to low temperature by a lowering mechanism. The lowering rate was set to be about 0.5 mm/h. At the same time, a gas cooling system is applied to induce single nucleation. The lowering mechanism can be stopped working when half of the solution was crystallized. Then the furnace was cooled to room temperature at a rate of 80
• C/h. The details about crystal growth of PZN-7%PT can be found elsewhere [17, 18] . The as-grown crystal was cut into about 1 mm thickness wafers perpendicular to the [001] direction and the (001) wafers were polished on both sides to a dimension of 10 × 10 × 1 mm 3 . The chemical composition of the grown crystal is 1:0.30:0.62:0.073:2.99 for Pb:Zn:Nb:Ti:O identified by the energy dispersive x-ray spectroscopy (EDS, using an EDS spectrometer attached to a field emission scanning electron microscopy: FESEM, Philips XL30FEG). It is approximate to the nominal stoichiometric value (1:0.31:0.62:0.07:3).
B. Structural and optical characterizations
The crystalline structure of PZN-7%PT single crystal was investigated by high resolution x-ray diffraction (HR-XRD) using a Ge(220) filtered Cu Kα radiation source (D8 DIS-COVER, Bruker). In the HR-XRD measurement, a scanning mode (θ -2θ ) was selected with a scanning speed of 0.1 second/step and increment of 0.005
• . Temperature-dependent VV (polarizer and analyzer in vertical position) and VH (polarizer in vertical position and analyzer in horizontal position) Raman spectra have been collected on heating by using a micro-Raman spectrometer with a spectral resolution of 1 cm −1 (Jobin-Yvon LabRAM HR 800 UV) in the temperature range of 80-800 K with a precision of about 0.5 K. The He-Ne laser with the wavelength of 632.8 nm was taken as the exciting source. The laser beam was focused through a 50× microscope with a working distance of 18 mm. An air cooled charge coupled device (CCD) (−70
• C) with a 1024 × 256 pixels front illuminated chip used to collect the scattered signal dispersed on 1800 grooves/mm grating. All Raman spectra have been dealt with the Bose-Einstein occupation factor [19] . The temperature-dependent ellipsometric spectra were recorded on heating by near infrared-ultraviolet spectroscopic ellipsometry in the photon energy range of 1.5-6.0 eV (V-VASE by J. A. Woollam Co., Inc.). The temperature can be varied from 4 to 500 K using an Instec cell with liquid nitrogen cooling accessory and frame water pump cooling (Janis ST-400). The ellipsometric data were fitted by the software package WVASE32, which allows window corrections to be included as a part of the model during the analysis process.
C. Theoretical approach
Ab initio density functional theory calculations based on the projector augmented wave method are conducted by the Vienna ab initio Simulation Package (VASP) [20, 21] . PerdewBurke-Ernzerhof (PBE) form of the generalized gradient approximation (GGA) for exchange and correlation is employed along with a standard plane-wave basis set with a kineticenergy cutoff of 650 eV. These calculations were performed by using the 11 × 11 × 11 Monkhorst-Pack k-point mesh [22] , and the convergence criterion for the electronic energy is 10 −6 eV. Considering the quite small density of Ti atoms in PZN-7%PT, we carry out the first-principles density functional optical studies for PZN in order to simplify the calculations. [24] . Hence we used different B-site cation arrangements for different phases in order to construct a cluster containing Zn and Nb atoms in the same ratio 1:2 for all the three phases: 1:2 ordering along the [111] c direction for the cubic and rhombohedral phases and 1:2 ordering along the [001] c direction for the tetragonal phase. The results of optical calculations are based on the independent-particle approximation using our own code OPTICPACK [25] . The interband optical conductivity tensor can be written as
, where ω is photon energy, is the cell volume, e is the polarization direction of photons, and p is the electron momentum operator. The imaginary part of complex dielectric functions ε i (hν) is evaluated from optical conductivity and the real part ε r (hν) can be obtained by the Kramers-Krönig relation. 
III. RESULTS AND DISCUSSION
A. Crystal structure Figure 1(a) illustrates the XRD pattern of PZN-7%PT single crystal recorded at room temperature. It suggests that three diffraction peaks (001), (002), and (003) are single without splitting, which indicates that its structure belongs to rhombohedral (so-called pseudocubic) phase with a lattice constant of about 3.964 ± 0.040Å. According to the phase diagram of PZN-xPT, PZN-7%PT undergoes rhombohedraltetragonal-cubic phase transformations with increasing temperature [8] . Figures 1(b) and 1(d) show rhombohedral and cubic structures of PZN material projected perpendicular to the [001] c direction, respectively. On the other hand, the distorted tetragonal structure projected perpendicular to the [100] c direction is shown in Fig. 1(c) . In contrast with PbTiO 3 , PZN has an extremely small distortion from cubic and yet has a large polarization [26] .
B. Polarized Raman scattering
Polarized Raman spectra of 001 -oriented PZN-7%PT single crystal collected at different temperatures in the VV and VH scattering geometries are shown in Figs. 2(a) and 2(b), respectively. Note that all measured Raman spectra have been divided by the Bose-Einstein occupation number n(ω) + 1 = 1/[1 − exp(− ω/k B T )] ( and k B are Planck constant and Boltzmann constant, respectively) to get rid of the trivial temperature dependence [19, 27, 28] . These spectra in the VV and VH geometries display similar line shapes and do not differ qualitatively except for intensity variations below 400 K. At high temperature above 500 K, there are four main Raman bands located at about 50, 270, 400-600, and 780 cm −1 , respectively. The dominant feature is that the intensity of the band at about 780 cm −1 has a marked decrease in the VH scattering geometry, as compared to that in the VV geometry. Moreover, the band around 600 cm −1 in the VH scattering geometry vanishes at high temperature. These phenomena indicate that the crystal structure changes and there are phase transitions between 400 and 500 K. In addition, all the intensity of Raman scattering decreases on heating.
In order to ascertain the peak positions, intensity, and linewidths [full width at half maxima (FWHM)] of phonon modes, the Raman spectra with different temperatures were decomposed into a series of bands with the assumption of a Lorentzian line shape approximation. For example, the decomposed Raman spectra in the VV and VH configurations at 80, 400, and 800 K are shown in Fig. 3 . The fitting spectra are in good agreement with the experimental ones. On the length scale of sensitivity from Raman scattering, the existence of modes at about 50 and 780 cm −1 reveals that the Pbbased relaxor exhibits a double-perovskite structure because they are symmetrically allowed only in a double-perovskite structure. These modes located around 780 and 50 cm
originate from the first-order Raman scattering related to cubic Raman-active nondegenerate and triply degenerate modes of the prototype structure, respectively [11] . It suggests that a moderation addition (7%) of PT to PZN does not disturb the double-perovskite structure. Note that more peaks than symmetry-allowed ones are observed above 500 K due to the presence of ferroic atomic arrangements with a lifetime longer than the time-scale sensitivity from Raman spectroscopy.
The band near 50 cm −1 originates from the Pb localized mode, which is a doublet even at high temperature due to the existence of two cubic local states from the Pb ions. The lower wave number component (∼40 cm 
Nb
5+ . Their integrated intensity ratio in the VV geometry as a function of temperature is shown in Fig. 4(a) . The rhombohedral (R) to tetragonal (T) phase transition temperature T RT = 360 K and the intermediate temperature T * = 510 K are revealed by different variation trends of intensity ratio. The local maxima in the FWHM of the peak near 60 cm −1 as a function of temperature suggests happening of the ferroelectric tetragonal to paraelectric cubic phase transition T C = 440 K [ Fig. 4(b) ]. The temperature-dependent various trends of the intensity ratio and FWHM from the Raman signals near 50 cm −1 can well suggest the phase transition temperatures (T RT and T C ) and intermediate temperature (T * ). In addition, three temperature points have also been confirmed by the corresponding positions, intensity, and FWHM as a function of temperature from other phonon modes. Accurately, the Raman-active mode near 270 cm −1 arises from vibrations of off-centered B-site cations. It is sensitive to the development of polar order, which is related to the coupling processes at the intermediate temperature [2] . Figures 4(c) and 4(d) suggest that the phonon mode around 270 cm −1 in the VH geometry has a shift towards lower wave numbers on heating due to the unit-cell expansion in a single structure and its integrated intensity decreases with some abnormal points. Between different phases, the deduction of intensity on heating may be due to the reduction of polar shifts about B-site cations to a certain extent as well as the unit-cell expansion [2] . Therefore, its intensity value and corresponding slope are the smallest at the temperature region above T * . The mode near 600 cm −1 corresponds mainly to oxygen bending vibrations [13] . Figure 4 (e) illustrates that it has a shift towards lower wave numbers in both VV and VH spectra at low temperature. It vanishes in the VH geometry above 440 K (T C ), while it has a slight shift towards higher wave numbers above 510 K (T * ). For the integrated intensity of the Raman mode in the VV geometry, as shown in Fig. 4(f) , four temperature regions can be divided by three anomalies at 360, 440, and 510 K, which is corresponding to the T RT , T C , and T * , respectively.
The Raman mode located at about 780 cm −1 is strong and its parameters can be extracted well for separation from other modes. It should be further investigated because it reflects the subtle changes in the lattice structure [12, 13] . The integrated intensity ratio I 780 (VH)/I 780 (VV) between the VH and VV geometries shows a marked change near 360 and 440 K, which are corresponding to the R to T and T to C transition temperatures, respectively [ Fig. 4(g) ]. It is obvious that its integrated intensity in the VH spectra has a sharp decrease above T C , as compared to that in the VV spectra. This phenomenon is similar to that of the mode near 600 cm −1 , which vanishes above T C in the VH geometry. The broadening of the mode near 780 cm −1 in the VH geometry indicates that the volume ratio of ordered and disordered regions decreases on heating. Nevertheless, there is not enough evidence to determine another important temperature point (Burns temperature T d ).
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C. Interband electronic transitions
The optical behaviors of the PZN-7%PT single crystal with different phases were investigated by spectroscopic ellipsometry based on the reflectance configuration. It is a sensitive and nondestructive optical technique, which measures the relative changes in the amplitude and phase of particular directions' polarized lights upon oblique reflection from the sample surface. The experimental parameters measured by ellipsometry are the complex ratioρ(hν) in terms of (hν) and (hν), which are defined asρ(hν) ≡r p (hν)/r s (hν) = tan (hν)e i (hν) ; here, r p (hν) andr s (hν) are the complex reflection coefficient of the light polarized parallel and perpendicular to the incidence plane, respectively [29] . Note thatρ(hν) is a function of the incident angle, photon energy hν, and optical functionsε(hν) of measured materials. For a bulk material with idealized surface, its optical functions can be calculated directly:
here θ is the incident angle [30] . Actually, an appropriate model has to be assumed for bulk materials with a surface roughness layer and multilayer structures. In order to extract the optical band gap, dielectric functions, and thickness of surface roughness of the PZN-7%PT bulk material, the ellipsometric spectra were fitted by a three-layer structure (air/surface rough layer/PZN-7%PT) based on the Snell's law, Fresnel equation, and the light absorption in the surface rough layer. Specifically, the dielectric constants of the surface roughness are taken into account by the Brüggeman effective medium approximatioñ ε eff (hν), which is described by the assumption 50% void componentε v (hν) and 50% PZN-7%PT bulk materialε B (hν) [i.e., 0 = 50%˜ε
] [31] . Correspondingly, the band structure observed in the dielectric spectra of PZN-7%PT material is attributed to interband transitions, which can be evaluated in terms of standard analytic line shapes (the standard critical point model) defined as [32] :ε(hν) = C − A e iϕ (hν − hν k + i ) n . Here, a critical point is described by the amplitude A, excitonic phase angle ϕ, electronic transition hν k , and broadening . Note that the exponent n has the values of −0.5, 0 [ln(hν − hν k + i )], and 0.5 for the one-, two-, and three-dimensional critical point. Correspondingly, we calculated numerically the second partial derivative of the dielectric function ∂ 2ε /∂(hν) 2 for showing the electronic transitions in dielectric spectra and performing a line-shape analysis of the critical point as follows:
It should be emphasized that electronic transitions derived from the second partial derivative of dielectric functions are independent of the surface roughness layer, which can affect dielectric function values. Figure 5 (a) shows the experimental ellipsometric spectra (hν) and (hν) measured at different temperatures. In the temperature region below 300 K, the (hν) and (hν) have similar shapes. As the temperature increases, the variation trends become obvious. For example, the experimental and fitted ellipsometric spectra at 4 and 450 K are plotted in Fig. 5(b) . Correspondingly, the thickness of roughness layer was obtained (9 ± 1 nm) and the derived complex dielectric constants (4 and 450 K) are shown in Fig. 5(c) . It suggests that there are some additional electronic transitions in the low energy region since ε i is not close to zero at higher temperature. In order to accurately evaluate the electronic transitions of the PZN-7%PT in the photon energy range of 1.5-6.0 eV, the second partial derivative spectra for the imaginary part of pseudodielectric function ε i at different temperatures are calculated, as illustrated in Fig. 5(d) . It suggests that there are three transitions at low temperature, while another two transitions in the lower energy region emerge at higher temperature. Moreover, the obvious transition located at about 3.7 eV has a redshift trend with increasing temperature.
To investigate the behavior of electronic transition in PZN-7%PT with different phase transformations, the second partial derivative spectra of the pseudodielectric functions with a series of temperature have been fitted by the standard critical point (SCP) model and the transition energies and corresponding broadenings at different temperatures were listed in Table I Figs. 6(a) and 6(b), respectively. At high temperature, two additional peaks (hν 1 and hν 2 ) in the lower energy region can be simulated well. Based on the analysis of temperaturedependent polarized Raman scattering, the appearance of hν 2 at about 440 K indicates a transformation from tetragonal phase to cubic phase, as shown in Fig. 6(c) . The hν 1 appears at about 250 K since there may be a mixture of rhombohedral and tetragonal phases. Figure 6(d) shows that the broadening response of the hν 1 suggests a phase transformation from rhombohedral phase to tetragonal structure at about 360 K, which is consistent with the results of Raman analysis. For the low temperature range, the first electronic transition energy is located at about 3.7 eV and its energy position as a function of temperature was plotted in Fig. 6(e) . The temperature dependence for hν 3 is not sensitive to phase transformations. It can be well explained by the Bose-Einstein model, which takes into account the electron-phonon interaction and is written as [32] [33] [34] [35] [36] 
. For PZN-7%PT single crystal, the transition energy at absolute zero hν k (0) is about 3.73 eV, the strength of the electronphonon interaction a ν is 0.22 eV, and Einstein temperature ν is 504 K, respectively.
D. Physical mechanism
In order to clarify the causes of the extremely different optical responses below 3.7 eV during the rhombohedraltetragonal and the tetragonal-cubic phase transitions, theoretical calculations were performed. Figure 7 shows the calculated band structure, partial, and total density of states for Pb(Zn 1/3 Nb 2/3 )O 3 with different phases. As a matter of fact, the top of valence bands and bottom of conduction ones consist of mainly O-2p and Nb-4d states, respectively. The higher conduction bands in the range of 3-4 eV originate from mainly Pb-6p and Nb-4d states. Note that there are no states above Fermi energy for Zn-3d, which is similar to the case of Mg-d states in Pb(Mg 1/3 Nb 2/3 )O 3 [37] . As shown in Fig. 7(b) , the extremely small band gap for tetragonal phase seems to violate the experimental results. Its direct band gap located at the point of symmetry Z (0, 0, 0.5) is approximately 2 eV, which is consistent with optical band gap. However, the band gap is indirect according to its corresponding band structure. As a well-known problem of calculations based on density-functional theory (DFT), the calculated optical band gaps are underestimated by about 20%-30%, as compared to the experimental values. Nevertheless, the relative energy of peaks is in good agreement with the experimental results from the right panels of Fig. 8 . Therefore, the present first-principles calculations are reliable and can be used to make qualitative analysis.
In the process of the transformation from rhombohedral phase to tetragonal phase, the corresponding energy of absorption edges changes from 2.63 eV [the cause of hν 3 in Fig. 8(b) ] to 1.69 eV [the cause of hν 1 in Fig. 8(d) the tetragonal case, respectively. The redshift of optical band gaps is closely related to the decrease of approximately 1 eV (hν 3 − hν 1 ) in tetragonal phase for the bottom energy level of conducting Pb-6p, Nb-4d, and O-2p states compared to the rhombohedral phase, which can be associated to the disappearance of octahedrons' distortion caused by the ferroelectric polarization tilting from [111] to [001] direction. The distortions of (NbO 6 /ZnO 6 ) octahedrons in rhombohedral PZN tend to increase the energy difference between valance and conduction bands. However, the disappearance of distortions reduces the band gap as the polarization direction rotating to [001] direction, i.e., the tetragonal phase. Similarly, the optical band gap of cubic PZN (with energy of 1.900 eV), whose leading transition is from the hybridization O-2p and Pb-6s to conducting Nb-4d xy , is close to that of tetragonal phase due to undistorted (NbO 6 /ZnO 6 ) octahedrons. The approximate difference of about 0.2 eV for the absorption edges between the tetragonal and cubic phases can be derived from the two-degenerate O-2p x (or equivalently O-2p y ) and the nondegenerate O-2p z states uniting into three-degenerate O-2p states. Furthermore, an additional absorption peak for cubic phase has been reproduced at about 2.34 eV [the cause of hν 2 in Fig. 8(f) ], which can be attributed to the electronic transitions from O-2p to conducting Nb-4d xz . In principle, most of the interband transitions from temperature-dependent ellipsometric spectra can be well testified by the density functional theory calculations. It indicates that the variations of electronic transitions can be directly applied to judge the phase transformations in ferroelectric oxides.
IV. CONCLUSIONS
Temperature-dependent polarized Raman scattering indicates that the rhombohedral-tetragonal, tetragonal-cubic transformation temperatures, and intermediate temperature are about 360, 440, and 510 K, respectively. The Raman mode near 270 cm −1 has a shift towards lower wave numbers and its integrated intensity decreases on heating due to a reduction of polar shifts about Nb(Zn, Ti)-site cations to a certain extent as well as the unit-cell expansion. The appearance of phase transformations were confirmed by the various trends of electronic transitions in peak positions and broadenings. Moreover, the redshift behavior of the transition hν 3 at about 3.7 eV as a function of temperature follows the BoseEinstein law due to the electron-phonon interactions and lattice thermal expansion. Finally, the redshift of absorption edges in the process of transformation from rhombohedral phase to tetragonal phase and an additional absorption peak during the tetragonal-cubic phase transition are observed. First-principles calculations reproduce the experimental results and explain them. Accurately, the hv 1 , hv 2 , and hv 3 are derived from O-2p z or/and Pb-6s to Nb-4d xy , Nb-4d xz , and Nb-4d xy , respectively. In brief, the experimental and theoretical results clearly suggest that the phase transformation in ferroelectric materials could be discovered by noncontact and nondestructive optical methods.
